Abstract: The 14-3-3 family of proteins are highly conserved signaling proteins in eukaryotes that bind to their client proteins, usually through specific phosphorylated target sequences. While the 14-3-3 proteins are thought to interact with a wide array of cellular proteins, there have been few studies addressing the in-vivo role of 14-3-3. As one approach to study this in-vivo role, we generated transgenic Arabidopsis plants constitutively overexpressing a directed mutant of 14-3-3 isoform u that inhibits phosphorylated nitrate reductase (pNR) in a largely divalent-cation-independent manner in vitro. The transgenic plants had increased relative phosphorylation of NR at the regulatory Ser-534 site and decreased NR activity measured in the presence of 5 mmolÁL -1 MgCl2 relative to nontransgenic plants. In addition, total NR protein was increased and the protein half-life was increased about two-fold. Two-dimensional difference gel electrophoresis analysis of proteins extracted from leaves of plants expressing the mutant 14-3-3 identified numerous cellular proteins that were altered in abundance. In particular, several b-glucosidase and glutathione S-transferase isoforms were decreased in abundance relative to wild type plants suggesting a possible alteration in stress or defense responses.
Introduction
The 14-3-3 proteins are ubiquitous signaling proteins in eukaryotes that bind to many cellular client proteins, usually in a phosphorylation-dependent manner (Muslin et al. 1996; MacKintosh 2004) . Thus, 14-3-3:client interactions are controlled to a large extent by phosphorylation of the client protein, as mediated by signals controlling the requisite kinase(s) and phosphatatase(s). In addition, at least some 14-3-3:client interactions may also be affected by divalent cations (Shen and Huber 2006) . Initial studies with 14-3-3u established that the protein could bind Ca 2+ and Mg 2+ in the C-terminal portion of the protein, and identified loop 8 as a potential EF-like hand sequence that could be involved in cation binding (Lu et al. 1994) . About the same time, the inhibition of phosphorylated nitrate reductase (pNR) by its ''inhibitor protein'' was demonstrated and shown to be dependent on millimolar concentrations of divalent cations Kaiser 1995, 1996) . Interestingly, phosphorylation of NR at the Ser-534 regulatory site (Douglas et al. 1995; Bachmann et al. 1996a; Bachmann et al. 1996c; Su et al. 1996) has no direct effect on catalytic activity, but rather is required to complete the binding site for an inhibitor protein that was subsequently identified as a 14-3-3 protein (Bachmann et al. 1996b; Moorhead et al. 1996) . The interaction between pNR and the 14-3-3 protein was shown to be strongly stimulated by divalent cations in vitro (Athwal and Huber 2002) , providing an explanation for the earlier results of Glaab and Kaiser (1995) . Similarly, binding of 14-3-3u to a synthetic peptide based on the regulatory phosphorylation site of NR was also stimulated by divalent cations (Athwal et al. 2000 ). An extensive analysis of the interactions of 10 recombinant Arabidopsis 14-3-3 isoforms with phosphopeptides based on the binding sites derived from NR (a mode 1 site) or the plasma membrane proton pump (AHA2; a mode 3 site) demonstrated that the binding activity of each of the isoforms to both targets was enhanced by calcium or magnesium, although quantitative differences were noted (Manak and Ferl 2007) . Hence, the overall conclusion to emerge is that 14-3-3 binding to target polypeptides may be broadly regulated by divalent cations. Consistent with this notion is the fact that the loop 8 sequence of the 14-3-3 protein that has been identified as the likely cationbinding site (Lu et al. 1994; Athwal and Huber 2002) is highly conserved across isoforms. In Arabidopsis 14-3-3u, an acidic residue at the beginning of loop 8, Glu-208, was found to play a key role in regulation of 14-3-3 function by divalent cations. Substitution of Glu-208 with an alanine (the 14-3-3u E208A directed mutant) resulted in a 14-3-3 protein that produced significant inhibition of pNR activity in the absence of divalent cations and also stronger inhibition of the activity of pNR compared with wild type 14-3-3u, indicating an increase in overall binding affinity (Athwal and Huber 2002) . The altered properties of the E208A mutant suggested possible utility for examining the role of cations in regulating 14-3-3:client interactions in vivo and this was the starting point for the present study.
It is worth noting that loop 8 also plays a role in isoform specificity in client interactions that appears to be independent of cation regulation. In barley, for example, 14-3-3A and 14-3-3B are the only two characterized isoforms that are expressed in leaves and only 14-3-3B is able to inactivate pNR (Sinnige et al. 2005 ). Interestingly, a major factor determining the ability to interact with pNR is a single residue in loop 8; 14-3-3A has a serine whereas 14-3-3B has a glycine residue. Substituting the serine with glycine in 14-3-3A dramatically increased the ability to inhibit pNR activity and also allowed the directed mutant to bind to a synthetic phosphopeptide based on the NR regulatory phosphorylation site (Sinnige et al. 2005) . Another example involves mammalian 14-3-3s wherein three residues in loop 8 that are unique to this isoform restrict ability to bind to Cdc25C, a client of many 14-3-3 isoforms but not s (Wilker et al. 2005) . Thus, loop 8 plays a critical role in several aspects of 14-3-3 functionality.
While much is known about 14-3-3 proteins, there is also much that remains to be investigated. For example, while many potential client proteins have been identified (Moorhead et al. 1999; Cotelle et al. 2000; MacKintosh 2004; Alexander and Morris 2006; Schoonheim et al. 2007) , establishing which interactions occur in vivo and are important for plant function remains largely unexplored. Critical aspects to be identified are which proteins interact with 14-3-3s in vivo, and what the effects of binding are to the clients. The impact of 14-3-3 binding can be to alter activity (if the client is an enzyme) or subcellular localization, reduce access to protein phosphatases, or to modulate proteolytic degradation (Tzivion and Avruch 2002) . In the case of NR, it is clear that 14-3-3 binding inhibits enzymatic activity and reduces dephosphorylation, but whether the pNR:14-3-3 complex is more or less susceptible to proteolytic degradation remains controversial. As one begins to address some of these questions in planta, we have generated transgenic Arabidopsis plants overexpressing directed mutants of 14-3-3u with altered functionality. Herein, the impact on NR phosphorylation and NR protein content was determined by immunoblotting with specific antibodies, and experiments were conducted to investigate the impact on the cellular proteome using differential in-gel electrophoresis (DIGE) technology.
Material and methods

Plant material and growth conditions
Arabidopsis thaliana (L.) Heynh ecotype Columbia (Col-0) was used as the wild type. Plants for protein extraction and analysis were grown in a soil mixture with short days (8 h) in growth chambers (Conviron Model PGW36, Winnipeg, Manitoba, Canada) with photosynthetic photon flux density of 100 mmolÁm -2 Ás -1 at plant level and day-night temperature of 22-18 8C. Fully expanded rosette leaves were harvested into liquid nitrogen from 3-to 4-week-old vegetative plants, as specified in the text. Plants were fertilized biweekly with Hoagland's solution (Hoagland and Arnon 1950) .
Electrophoresis and immunoblotting
Liquid nitrogen powdered tissue was mixed with four volumes of pre-heated (95 8C) 1Â SDS-PAGE sample buffer containing 1 molÁL -1 urea, 0.7 molÁL -1 2-mercaptoethanol, 5 mmolÁL -1 NaF, 1 mmolÁL -1 Na 2 MoO 4 , 1 mmolÁL -1 Na 3 VO 4 , 1 mmolÁL -1 aminoethylbenzenesulfonyl fluoride (AEBSF), and 2 mmolÁL -1 EDTA. Protein concentrations were determined by the dye-binding assay (Bio-Rad, Hercules, California, USA) with bovine serum albumin as the standard. Proteins were separated on 12% polyacrylamide (0.1% SDS) gels and transferred to polyvinylidene fluoride fluorescence-specific membranes (Millipore, Bedford, Massachusets, USA). Polyclonal antibodies that recognize the N-terminal sequence of Arabidopsis NR and the regulatory phosphorylation site at Ser-S534 were produced by immunizing rabbits with two peptides (superscript number indicate residues in AtNia2): anti-NT, 11 RLEPGLNGVVRSYK 24 and anti-pS534, 528 SLKKSVpSTPFMNT 540 . The antibodies were affinity purified, and in the case of the anti-pS534 antibodies this involved sequential processing over immunosorbent columns coupled with the unphosphorylated S534 peptide, followed by the phosphorylated peptide (Bethyl Laboratories, Montgomery, Texas, USA). The pS534:S534 reactivity ratio of the anti-pS534 antibodies against immobilized peptides was 99:1 by ELISA analysis (testing performed by L212N (triangles) directed mutants driven by the 35S promoter were subjected to immunoblot analysis with antibodies to the 14-3-3u C-terminal peptide or NR N-terminal peptide. The ECL system was used for detection and densities of the bands (*110 kDa NR protein and *30 kDa 14-3-3u) were quantified with a densitometer and are plotted relative to the band intensities for nontransgenic plants.
Fig. 3.
Peptide competition demonstrates specificity of the phosphospecific antibodies directed against the Ser-534 site of Arabidopsis nitrate reductase (NR). Protein extracted from a dark leaf were resolved by SDS-PAGE, immunoblotted onto a PVDF membrane, and probed with anti-NT or anti-pS-534 antibodies. As indicated, the antibodies contained 50 mg of the pS-534 antigen peptide or the corresponding unphosphorylated peptide (S-534). Note that the recognition of pNR by the anti-pS-534 antibodies was affected only by the antigen peptide and neither peptide affected recognition of NR by the anti-NT antibodies.
Bethyl). Membranes were blocked in a 2% (v/v) fish gelatin solution in phosphate-buffered saline (PBS; 5 mmolÁL -1 NaH 2 PO 4 , 150 mmolÁL -1 NaCl, pH7.4) before being incubated with primary antibodies at 1:15 000 (anti-NT) and 1:25 000 (anti-pS534) dilutions in PBS containing 0.1% (v/ v) Tween-20 (PBST). Immunoblots to detect 14-3-3u (and the loop 8 directed mutants) used anti-CT antibodies raised against a synthetic peptide ( 244 DEIKEAAAPKPT 254 ) sequence in the COOH-terminal polypeptide of 14-3-3u (Shen et al. 2003) . Washes were performed in PBST, and an Alexa Fluor 680-or IR 800-conjugated secondary antibody was used (Rockland Immunochemicals, Gilbertsville, Pennsylvania, USA) diluted at 1:20 000 in PBST. Immunoblot imaging and densitometry analysis was performed using a LI-COR Odyssey scanner (LI-COR, Lincoln, Nebraska, USA).
Production of 14-3-3u E208A recombinant protein 14-3-3u constructs utilized the pET15b plasmid (Novagen, Madison, Wisconsin, USA). Production and purification of recombinant protein of GF14u was performed as described (Athwal and Huber 2002) . Arabidopsis cDNA in the pET15b vector was used to construct sequencingverified, site-directed mutants (Ala substitutions) with the QuikChange XL Kit as recommended by Stratagene (La Jolla, California, USA). The E208A and D219A mutants were produced as described (Athwal and Huber 2002 ) and a similar protocol was used to produce the D210A, L212N, and E215A mutants. All constructs were transformed into E. coli BL21(DE3) for protein expression and the His 6 -tagged proteins were affinity purified using Ni-NTA agarose (Qiagen, Hilden, Germany) following manufacturer's instructions. Protein was eluted with 50 mmolÁL -1 4-morpholinepropanesulfonic acid (MOPS) pH 7.5, 300 mmolÁL -1 NaCl, 60 mmolÁL -1 imidazole and washed with 10 bed volumes of column equilibration buffer and dialyzed against a 1000Â volume of 20 mmolÁL -1 MOPS, pH 7.5, and 1 mmolÁL -1 dithiothreitol (DTT) before use.
Transformation of Arabidopsis with 14-3-3u and directed mutants
The floral dip method for Agrobacterium-mediated transformation of Arabidopsis was performed (Clough and Bent 1998) . Seeds produced were harvested and incubated with 95% EtOH for 10 min and sterilized with 30% bleach plus 0.1% Tween-20 for 20 min. After extensive washing, sterilized seeds were cold-treated for 2 d and plated onto selection media (half strength MS media containing 1% (w/v) sucrose, and 30 mgÁmL -1 kanamycin, pH 5.7) and then grown at 24 8C under long day (16 h) conditions.
Extraction and assay of nitrate reductase (NR) activity
Leaves were extracted and NR activity was assayed in the presence and absence of 5 mmolÁL -1 MgCl 2 as previously described (Shen et al. 2003) .
Extraction of total proteins for two-dimensional differential in-gel electrophoresis (DIGE)
Leaf tissue (0.5 g) was mixed with two volumes of extraction buffer (100 mmolÁL -1 Tris-HCl, pH 8.0; 2% 2-mercaptoethanol, 5 mmolÁL -1 EGTA, 10 mmolÁL -1 EDTA, 2% SDS, 1 mmolÁL -1 AEBSF, 10 mmolÁL -1 leupeptin, 1 mmolÁL -1 para-amino-benzamidine, 5 mmolÁL -1 caproic acid, 2 mmolÁL -1 trans-epoxysucciny-L-leucyl-amido (4-guanidino) butane (E64), 10 mmolÁL -1 Z-Leu-Leu-Leualdehyde (MG132), 0.5 mmolÁL -1 micrycystin-LR (MC-LR) and 10 mmolÁL -1 NaF) and ground in a cold mortar, and then centrifuged at 5000 rÁm -1 (2700g) at 4 8C for 10 min. The soluble proteins released were mixed with an equal volume of ice-cold phenol (Tris-buffered, pH 7.9) and centrifuged at 16 000 rÁm -1 (23 700g) for 15 min at 10 8C to separate the phenol and aqueous phases. The upper aqueous phase was discarded and the phenol phase was extracted twice more before mixing with five volumes of ice-cold 0.1 molÁL -1 of ammonium acetate in methanol to precipitate total soluble proteins overnight at -20 8C. The protein pellet was washed three times with 1 mL aliquots of ice-cold 0.1 molÁL -1 ammonium acetate in methanol and once with . Effect of 14-3-3u E208A overexpression on the phosphorylation of nitrate reductase (NR) at the Ser-534 site in the light and dark. Light samples were taken mid-morning, and after transfer of plants to the dark for 1 h. Three independent transgenic lines are compared with nontransgenic Arabidopsis Col-0 plants. In these experiments, total NR protein was *1.6-fold higher in the E208A plants compared with Col-0. ethanol before resuspension in 300 mL DIGE buffer (30 mmolÁL -1 Tris-HCl, pH 8.5, 7 molÁL -1 urea, 2 molÁL -1 thiourea, 4% (v/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)) with vortex mixing. After incubation at 30 8C for 1 h, the solutions were clarified by centrifugation and the soluble proteins were used for two-dimensional electrophoresis analysis.
Protein samples (50 mg) were labeled with 400 pmol of Cy TM dye as specified by the manufacturer (GE Healthcare, Piscataway, New Jersey, USA). The ambient sample was labeled with Cy3 and the treated sample with Cy5. The internal standard was a pooled sample composed of equal amounts of each of the two samples that had been mixed and labeled with Cy2 dye. For two-dimensional analysis (2-DE), the first dimension was conducted with an Amersham Ettan TM IPGphor isoelectric focusing (IEF) system using mixtures of nontransgenic Col-0, plants overexpressing the 14-3-3u E208A mutant, and internal standard protein. Total protein (500 mg) was actively loaded onto Immobiline TM DryStrip pH 3 to 11 (24 cm) strips and focused on the IPGphor IEF system for a total of 20 h (68 kVh) at 20 8C. After focusing, the strips were equilibrated for 10 min in 10 mL of equilibration buffer containing first DTT followed by buffer containing iodoacetamide. The equilibration buffer contained 50 mmolÁL -1 Tris-HCl, pH 8.8, 30% (v/v) glycerol, 2% (w/v) SDS, 6 molÁL -1 urea, and 65 mmolÁL -1 DTT or 125 mmolÁL -1 iodoacetamide, as specified. The strips were then placed onto 12% SDS-PAGE gels and run for 6 h. Fluorescent gel images were obtained using a Typhoon TM 9400 multilaser scanner before post-staining with SyproRuby for total protein. Images were analyzed using the DeCyder Differential Analyzer software (GE Healthcare) and gel plugs were taken using the Ettan TM Spot Handling Workstation.
In-gel trypsin digestion and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF MS) analysis
Gel plugs were rinsed with 50 mmolÁL -1 ammonium bicarbonate in 50% acetonitrile (ACN), and allowed to air dry. Modified trypsin (Genotech, St. Louise, Missouri, USA) was added to a final concentration of 0.0125 UÁmL -1 in 50 mmolÁL -1 ammonium bicarbonate to the gel plugs and allowed to digest for 4 h. The solution was then removed and an aliquot was mixed with saturated cyano-4-hydroxycinnamic acid (HCCA) in 50% (v/v) acetonitrile (CAN) containing 0.1% (v/v) trifluoroacetic acid (TFA). An aliquot (usually 0.3 mL) of the peptide-matrix mixture was spotted onto a GE Healthcare probe and allowed to air dry. MS analysis was performed with an Amersham Ettan TM MALDI-ToF/Pro spectrometer, and spectra were analyzed using Mascot to search the NCBInr database.
Results
Overexpression of 14-3-3u affects nitrate reductase (NR) protein content
We transformed Arabidopsis plants to overexpress wild type 14-3-3u or directed mutants (E208A or L212N) of loop 8 that affect the interaction with pNR. In vitro, the recombinant 14-3-3u E208A mutant inhibited pNR activity significantly in the absence of Mg 2+ and produced even greater inhibition in the absence of Mg 2+ (Fig. 1) , results consistent with an increased affinity for its client protein (Athwal and Huber 2002) . We also constructed several other substitution mutants in the loop 8 of 14-3-3u. Interestingly, the 14-3-3u L212N mutant produced little or no inhibition of pNR activity either in the presence or absence of Mg 2+ at pH 7.5 (Fig. 1B) , indicating a critical role for this hydrophobic residue in regulation of the enzymatic activity of the client. Together, these two directed mutations highlight the potential importance of loop 8 residues in interaction with the client protein. In contrast, alanine substitutions for three other acidic residues in loop 8 had little effect on inhibition of pNR activity. The D210A and D219A mutants were identical to wild type 14-3-3u, whereas the E215A mutant was slightly less effective than wild type in inhibition of pNR activity (Fig. 1B) . Previous studies with the D219A mutant indicated a slight reduction in inhibition of pNR (provide ref), which is generally consistent with the current results.
Under acidic pH values, 14-3-3s can inhibit pNR activity in the absence of Mg 2+ (Kaiser and Huber 1994) as a result of increased binding (Athwal et al. 2000) , and this is clearly seen in the experiments conducted in the present study at pH 6.5 (Fig. 1B) . What is particularly striking is that all of the directed mutants, with the exception of E215A, behaved identically to the wild type 14-3-3u. Clearly the role of loop 8 residues in interactions with the client protein is different at pH 6.5 versus 7.5, as the E208A substitution that increased inhibition at pH 7.5 had no effect at pH 6.5, and the L212N substitution that prevented inhibition at pH 7.5 was fully functional at pH 6.5. Interaction at pH 6.5 may only be physiologically relevant under stress conditions, e.g., anoxia (Kaiser and Huber 2001) .
The E208A mutant was unique in conferring at least partial independence of divalent cation regulation and also in increased apparent affinity for pNR and hence was selected for transformation studies. Likewise, the essentially inactive L212N mutant was also selected as a negative control. Overexpression of wild type 14-3-3u and directed mutants in transgenic Arabidopsis was achieved and the level of expression in each line was quantified by immunoblotting with antibodies directed against a peptide sequence derived from the COOH-terminal polypeptide of 14-3-3u. One aspect we wanted to explore was whether increased expression of the 14-3-3 proteins would affect the steady-state level of NR protein, because 14-3-3 binding can protect the client protein from proteolytic degradation (MacKintosh and Meek 2001; Tzivion and Avruch 2002) . As shown in Fig. 2 , increased expression of wild type 14-3-3 resulted in some increase in NR protein, but expression of 14-3-3u E208A had a much larger effect, consistent with the notion that the E208A directed mutant had increased ability to interact with pNR. In contrast, overexpression of 14-3-3u L212N did not result in increased levels of NR protein, which is also consistent with the dramatically reduced ability of this mutant to interact with pNR in vitro. These results also suggest that the Mg 2+ -independent binding of 14-3-3s to pNR that can be observed at pH 6.5 in vitro (Fig. 1B) is not likely to play a role in vivo, at least when plants are not stressed, because at pH 6.5 the wild type 14-3-3u and E208A and L212N mutants behaved similarly. Their differential ability to inhibit pNR activity was only evident at pH 7.5, which matches the effect observed on NR protein in vivo.
Overexpression of 14-3-3u E208A affects phosphorylation of nitrate reductase (NR) at the regulatory Ser-534 site
Since the 14-3-3u E208A mutant has partial independence from Mg 2+ and appears to bind more strongly to pNR than does wild type 14-3-3u, it was of interest to determine whether the light-dark regulation of NR phosphorylation in vivo was altered by expression of the 14-3-3 mutant protein.
We monitored NR phosphorylation at the Ser-534 regulatory site using modification-specific antibodies. As shown in Fig. 3 , these antibodies readily cross reacted with pNR extracted from dark leaves and the immunoblot signal was specifically eliminated by competition with the phosphopeptide used as antigen (pSer-534) but not the corresponding unphosphorylated peptide (Ser-534), demonstrating the specificity of the antibodies. We also produced antibodies directed against a sequence near the N-terminus of the protein so that we could monitor total NR protein level as well. As expected, the immunoblot signal obtained with the anti-NT antibodies was unaffected by the presence of the Ser-534 or pSer-534 peptides (Fig. 3) . In an initial experiment, we harvested leaves in the morning after 2 h of illumination and then after transferring plants to the dark for 1 h. In the experiment presented in Fig. 4 , nontransgenic plants were compared with three independent lines overexpressing 14-3-3u E208A . The relative phosphorylation status of NR is expressed as the ratio of the immunoblot signals for anti-NR-pS534 compared with anti-NR-NT, to normalize the phospho-specific signal to total NR protein. As expected, the phosphorylation of Ser-534 was higher in the dark than in the light. In these experiments, total NR protein changed little between the light and dark samples and was 1.8-fold higher in the E208A transgenic lines compared with the nontransgenic leaves. Interestingly, the relative phosphorylation status of NR in plants expressing the E208A mutant was also higher than in nontransgenic plants in both light and dark samples, consistent with the notion of increased binding of 14-3-3u E208A to pNR in vivo. This effect was most pronounced in line B2601, where the difference between light and dark samples was almost completely eliminated. Increased phosphorylation of NR at the Ser-534 site, using the sequence-specific antibodies developed in this study, was confirmed with the use of commercially available phospho-specific antibodies that recognize a degenerated mode 1 14-3-3-binding site, [KR]-x-x-pS-x-P (Cell Signaling Technology, Danvers, MA, USA). As expected, these antibodies recognized the NR protein on immunoblots with a *3-fold increase in signal in the E208A plants relative to the nontransgenic plants (data not shown).
As noted above, plants expressing the 14-3-3u E208A mutant protein consistently had higher levels of total NR protein compared with nontransgenic plants or plants expressing the wild type 14-3-3u. To determine whether NR protein stability contributed to this difference, excised leaves were fed cycloheximide to block cytoplasmic protein synthesis and the loss of NR protein was followed with time. As shown in Fig. 5 , the NR protein in leaves expressing 14-3-3u E208A had a half-life that was roughly two-fold higher compared with nontransgenic leaves. Thus, decreased degradation is at least one of the factors that could explain the increased NR protein levels, and would be consistent with the notion that 14-3-3 binding protects pNR from proteolysis.
Overexpression of 14-3-3u E208A affects nitrate reductase (NR) activity
We monitored NR activity in the presence and absence of magnesium to assess activation state of the enzyme (Kaiser and Huber 1994; Glaab and Kaiser 1995) in relation to the relative phosphorylation of NR at the Ser-534 site in leaves harvested at different times of a day-night cycle. Results for plants expressing the 14-3-3u E208A mutant protein are compared with nontransgenic plants in Fig. 6 . The relative phosphorylation status of Ser-534 was high at the end of the night cycle, decreased rapidly upon illumination and then increased again after 3 h of illumination. Thereafter, phosphorylation of Ser-534 remained relatively constant before increasing to the maximum level with the transition to darkness (Fig. 6A) . The same profile was observed both for nontransgenic plants and the transgenic plants overexpressing the 14-3-3u E208A mutant protein, but in the latter case, the NR phosphorylation status was always maintained at a higher level. The activation state of NR is plotted in Fig. 6B . As shown, activation state was very low at the end of the night cycle, increased sharply upon illumination and then decreased again after several hours. In the nontransgenic plants, NR activation state was maintained at a relatively constant level until the end of the light period, when it decreased again to the lowest level. Generally similar results have been reported previously with Arabidopsis leaves (Gibon et al. 2004; Kulma et al. 2004 ). In contrast, leaves overexpressing the 14-3-3u E208A mutant protein had increased NR activation state early in the light period similar to wild type but NR activation state then continuously declined throughout the remainder of the day and was overall much lower during the remainder of the light period. Plotting NR activation state as a function of Ser-534 phosphorylation state yielded a statistically significant negative correlation (R 2 = 0.529, p < 0.05) (Fig. 6C) .
Overexpression of 14-3-3u E208A alters the abundance of other cellular proteins
Overexpression of the E208A mutant protein in Arabidop- Note: The E-value is the expectation score that the identification is incorrect and thus the lower the number the more confident is the identification.
sis resulted in a much greater increase in NR protein content compared with overexpression of the wild type protein (Fig. 2) , and thus we further characterized the leaf soluble proteome in plants overexpressing the E208A mutant protein to determine whether other proteins were also affected. A 2-DE DIGE analysis of proteins extracted from leaves of plants overexpressing the 14-3-3u E208A mutant protein compared with the nontransgenic control resolved more than 1100 discrete protein spots and identified *160 spots that were increased in abundance and *200 protein spots that were decreased in abundance in the transgenic plants (Fig. 7) . A number of the proteins altered in abundance were identified by peptide mass fingerprinting. Because total soluble protein was used in this analysis, ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) large and small subunits were major proteins in the samples and indeed a number of the protein spots that changed in abundance were minor protein spots derived from the large subunit (data not shown). However, a number of other proteins were found to be altered in abundance and some of those identified are listed in Table 1 . Proteins that were increased in abundance included a cyclin, the a and b subunits of the plastid ATP synthase, and prolyl isomerase. Interestingly, of the proteins that were decreased in abundance were b-glucosidase (BGL1) and glutationine S-transferase (GST). Both proteins were found as charge trains composed of multiple spots, most of which were decreased in abundance in the E208A transgenic. The one exception was spot 573, identified as GST, that was increased slightly in abundance. It is important to note that while BGL1 and GSTF9 were identified, differentiation of various b-glucosidases and GST isoforms that may also be present in the charge train of protein spots was not possible by MALDI-ToF-MS analysis because of the high degree of sequence identity among isoforms. Moreover, previous studies with Arabidopsis GSTs resolved 23 protein spots in a large charge-train pattern on 2-DE, with individual isoforms found in multiple spots suggestive of post-translational modifications (Gruhler et al. 2005) . Thus multiple GST isoforms were probably present in the gel plugs we sampled, and if so, most of them were reduced in abundance in plants overexpressing 14-3-3u E208A compared with nontransgenic plants. Likewise, the Arabidopsis Glycoside Hydrolase Family 1 b-glucosidases contains 47 members (Xu et al. 2004) , and many are closely related in sequence and abundantly expressed in leaves. We identified BGLU18, also known as BGL1 (Stotz et al. 2000) , but it is possible that other closely related isoforms were present as well, but not specifically identified. However, the important point is that the b-glucosidase isoforms present were primarily reduced in abundance in the E208A plants.
Discussion
In the present study, we further characterized the role of specific residues in loop 8 of 14-3-3u that impact binding to the client protein, pNR. Glu-208 is shown to be a unique acidic residue in loop 8 that when substituted with alanine results in a protein with substantial binding to pNR in the absence of magnesium. One of the hydrophobic residues of loop 8, Leu-212, is shown for the first time to be essential for regulation of pNR activity, which is consistent with the notion that loop 8 residues interact closely with the client protein (Sinnige et al. 2005; Wilker et al. 2005) . We overexpressed several of these mutant 14-3-3 proteins in Arabidopsis to assess the impact on NR regulation and to see whether expression of mutant 14-3-3s might be an interesting approach to investigate the role of 14-3-3 proteins in vivo.
Phosphorylation of nitrate reductase (NR) at the Ser-534 site controls activation state
There is substantial evidence to show that phosphorylation of NR at the Ser-534 site in hinge 1 completes the binding site for a 14-3-3 protein that interacts in the presence of magnesium to form an inactive pNR:14-3-3 complex (Bachmann et al. 1996a; MacKintosh and Meek 2001; Athwal and Huber 2002; Manak and Ferl 2007) . The activation state of NR, calculated as the ratio of NR activities measured in the presence versus absence of magnesium, is frequently taken as a proxy measurement of the phosphorylation status of the regulatory serine residue. However, NR activity and Ser-534 phosphorylation need to be examined directly and independently to study this relationship in vivo and this has rarely been done. The simplest way to look at phosphorylation status of a specific site is through the use of sequence-and modification-specific antibodies. This was done in one study using antibodies produced against a synthetic peptide with an acidic residue as mimic for pSer-543 in spinach NR (Weiner and Kaiser 2001) . The antibodies produced selectively recognized phospho-or dephospho-NR and were used to demonstrate that NR phosphorylation at Ser-543 increased 2 to 3-fold when spinach leaves were darkened. Interestingly, it was calculated that one-third of the NR in spinach leaves was phosphorylated in the light but was not associated with inactivation of the enzyme leading to the conclusion that phosphorylation of Ser-543 was not sufficient for 14-3-3 binding (Weiner and Kaiser 2001) . Possible reasons for this could include lack of magnesium or other divalent cations required for 14-3-3 binding to pNR, or competition for 14-3-3 proteins with other clients. In Arabidopsis the situation is apparently somewhat different as changes in Ser-534 phosphorylation during a normal dark-to-light transition can be as high as seven-fold in nontransgenic plants (Fig. 6A) . Moreover, relative phosphorylation of Ser-534 is negatively correlated with NR activation state (Fig. 6B ) and the regression line extrapolates to *85% activation state when phosphorylation is zero. Thus, at least in Arabidopsis, NR activation state is a good proxy measurement for the phosphorylation status of Ser-534. It is also possible that slightly different results were obtained in the present study because antibodies were prepared against the phosphoserine-containing peptide rather than an aspartate substitution mimic, which in the best case reacted rather poorly with pNR.
The Arabidopsis pNR:14-3-3 complex is less susceptible to degradation NR is generally considered to be a short-lived protein and there is often a substantial variation in NR protein content over a normal diurnal cycle. Changes in protein content reflect necessarily the balance between changes in synthesis and degradation of the protein, and both processes can be regulated. In the case of degradation, there is some contro-versy in the literature as to whether the pNR:14-3-3 complex is more or less susceptible to proteolytic degradation compared with NR (or pNR) that is not bound to a 14-3-3 protein. For example, 14-3-3 binding to pNR has been suggested to promote proteolysis (Weiner and Kaiser 1999) , inhibit proteolysis (Cotelle et al. 2000) , or have no effect (Lillo et al. 2003) . Previously, we noted that manipulation of NR activation state also affected half-life of the NR protein, with activation state and NR stability being positively correlated (Kaiser and Huber 2001) . However, it was also noted that such correlations do not establish cause-and-effect relationships and that it remained to be determined whether NR degradation is affected by the NR form present in leaves and (or) by other factors that are co-regulated by conditions that impact NR activation (Kaiser and Huber 2001 ). An example of the latter would be induction or activation of a protease that degraded NR. The results obtained in the present study are consistent with the notion that the pNR:14-3-3 complex is protected from degradation, as overexpression of the 14-3-3u E208A mutant protein resulted in elevated NR protein levels. However, it is likely that control of protease induction/activation is also important and that both factors contribute to NR stability. This is also consistent with the results with sugar-starved Arabidopsis cells that were shown to induce a protease that cleaved proteins when not complexed with 14-3-3 proteins (Cotelle et al. 2000) . However, it is important to note that while the generalization is often made that 14-3-3 binding can protect clients from degradation (Tzivion and Avruch 2002) , there are other cases where the opposite may be true. In this regard, it was reported that binding of a 14-3-3 protein to phosphorylated glutamine synthetase (GS2) resulted in selective proteolysis of the protein (Man and Kaiser 2001; Lima et al. 2006) . Conceivably, other proteins may respond similarly.
The pNR:14-3-3 complex is less accessible to protein phosphatases Since 14-3-3 proteins bind directly to the phosphoserine residue in the client protein, it would certainly be expected that access to action of a protein phosphatase would be restricted. This was originally demonstrated for Raf-1 (Muslin et al. 1996) and subsequently for pNR in vitro (Bachmann et al. 1996a) . The finding in the present study that overexpression of the 14-3-3u E208A mutant protein results in increased phosphorylation of the NR-Ser-534 site (Fig. 6A) is consistent with these in vitro results.
Overexpression of 14-3-3u E208A affects the soluble leaf proteome
Because of the impact of E208A overexpression on NR protein, we wanted to determine whether other cellular proteins would be altered in abundance as well, as this could provide an in vivo approach to identify 14-3-3u clients. Two-dimensional DIGE analysis of total soluble protein samples indicated that overexpression of the mutant 14-3-3u E208A affected the abundance of a number of proteins (Table 1) , some of which are known to be 14-3-3 binding proteins. For example, binding of 14-3-3s to the phosphorylated b-subunit of plastid ATP synthase has been shown to occur and apparently functions to prevent ATP hydrolysis in the dark (Bunney et al. 2001 ). Likewise, GST was identified as a potential 14-3-3 binder in a yeast two-hybrid screen using a barley leaf cDNA library (Schoonheim et al. 2007 ). Collectively, these findings are generally consistent with the notion that many proteins involved in defense and stress responses are 14-3-3 binding proteins, as demonstrated for developing barley grains (Alexander and Morris 2006) . Whether the basis for changes in abundance of proteins such as GSTF9 and BGLU18 identified in the present study involves direct binding of the proteins to 14-3-3u E208A is not known. Likewise, it is not clear whether changes in protein abundance reflect alterations in the rate of degradation or rate of synthesis, since many transcription factors are controlled by 14-3-3 proteins (Roberts 2003; Ferl 2004 ). In the future, it will be of interest to determine whether the reduced levels of these stress-related proteins impact the ability of the transgenic plants to deal with various stress conditions. The GSTs are multifunctional proteins, but in addition to their activity in xenobiotic detoxification, they can also function as glutathione peroxidases and thus can protect against oxidative stress (Roxas et al. 1997; Cummins et al. 1999; Roxas et al. 2000) . Likewise, the b-glucosidases can potentially play many roles in processes related to lignification, release of hormones from glucose conjugates, and defense against herbivory (Xu et al. 2004) . Indeed BGLU18 and several GSTs were induced in leaves in response to feeding of a specialist insect herbivore (Stotz et al. 2000) , indicating their role as defense genes that contribute to induced resistance against herbivores and possibly other conditions as well. Exploring these aspects is beyond the scope of the present study but will be exciting to pursue in the future. It is also important to note that the DIGE analysis using total protein samples likely did not identify a number of low abundance proteins that may also have been altered in content. Thus, fractionation of samples to remove RubisCO and enrich low abundance proteins will likely be a useful strategy. Indeed, we have done this using ammonium sulfate fractionation and found a number of additional proteins that were increased or decreased in content in the transgenic plants (data not shown).
Because 14-3-3 proteins bind to a wide variety of cellular target proteins, manipulation of 14-3-3s (by overexpression or use of knockout lines) is viewed as a possible approach to influence entire pathways or processes. Previously, manipulation of 14-3-3s has been shown to influence starch accumulation (Sehnke et al. 2001) , metabolite profiles (Szopa 2002) , and leaf senescence (Yan et al. 2004 ). Our results suggest that overexpressing 14-3-3 mutants may also be an interesting approach to investigate 14-3-3 function in vivo.
USDA. We thank Dan Person for performing the experiments reported in Fig. 5 .
